unctional mitral regurgitation (MR) is a major contributing factor in heart failure and hospitalization of patients with nonischemic or ischemic dilated cardiomyopathy (DCM). The limitation of an undersized mitral annuloplasty has been recognized. Recurrent late MR is associated with continued left ventricular (LV) remodeling and enhanced papillary muscle (PM) displacement outside the posterior ring after mitral annuloplasty. 1 Understanding of the tethering mechanism provided both annular and subvalvular targets for therapy and several procedures have been reported. 2, 3 Since 2003, we developed mitral complex reconstruction, which consists of mitral annuloplasty with a semi-rigid total ring and PM approximation (PMA), and since 2005 PM suspension (PMS), and we have aggressively applied this procedure in cases of heart failure. 4, 5 We previously reported that PMA is a safe procedure and has more efficacy on mitral tethering than left ventriculoplasty. 4 Here we report our new additional procedure of PMS (posterior and anterior direction) for prevention of future mitral tethering because of LV remodeling. It is possible that PMS causes LV diastolic dysfunction by fixing the distance between the approximated PM heads and the mitral annulus, so we evaluated its early effects on LV systolic and diastolic mitral tethering and cardiac function. Otsuji et al reported "diastolic mitral tethering" that coincides with systolic mitral tethering in patients with LV dysfunction and incomplete mitral leaflet closure. 6 Therefore, it is important that for patients with LV dysfunction both systolic and diastolic mitral tethering are considered.
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Methods

Study Population
Subjects were 22 patients who underwent PMA with or without PMS for functional MR and an echocardiographic study of the submitral apparatus before and after operation, between November 2004 and August 2008. The mean age was 64±10 (range 39-85) years; 9 patients had nonischemic and 13 had ischemic pathology. The nonischemic cases were diagnosed by the preoperative clinical course, echocardiography, and pathological examination of intraoperative specimens. Functional MR of the ischemic patients was defined as stenosis of ≥75% in at least 1 coronary vessel, a corresponding regional wall motion abnormality, and type IIIb mitral leaflet dysfunction, based on Carpentier's classification, with or without myocardial infarction. Patients with degenerative etiology were excluded from this study. Patient characteristics are shown in Table 1 . The New York Heart Association functional class was 3.1±0.5: II in 1 (5%), III in 17 (77%) and IV in 4 (18%). Two patients (9%) were dependent on intravenous catecholamine infusion.
surgical strategy for functional MR is to reconstruct the annulus and subvalvular apparatus of the mitral valve (Figure 1) . 4, 5 It consists of mitral annuloplasty with a semirigid total ring, PMA, and PMS. PMA is a surgical method joining the entire PM side-by-side from the bases to the heads using 3 pledgetted mattress sutures of 3-0 prolene. Shortening the distance between the PM reduces the lateral and backward tethering of the mitral valve. PMA is usually indicated when the PM distance at end-diastole is greater than 30 mm in the short-axis view on transthoracic echocardiography. We recently developed a PMS that fixes the distance between the approximated PM heads and the mitral annulus. 7 This adjunctive method places a subvalvular CV-4 ePTFE suture between the site of chordal attachment of the approximated PM and the mitral annulus. This suture is passed through the annuloplasty ring. We adjust the length of the artificial chordae to accomplish enough mitral coaptation length by saline infusion test. We believe that PMS maintains the mitral complex geometry and prevents future deterioration of mitral tethering. PMA and PMS are usually performed by left ventriculotomy. To reshape the severely remodeled left ventricle, we perform overlapping left ventriculoplasty, as previously reported. 5, [7] [8] [9] This procedure is based on volume reduction without a patch or ventriculectomy ( Figure 1) . Basically, it is used in cases where the LV end-diastolic dimension is greater than 65 mm. The subjects were retrospectively divided into 3 groups: PMA without PMS (PMA alone: ~2006, n=6), posteriordirectional PMS (pPMS: ~2007, n=8) and anterior-directional PMS (aPMS: 2008~, n=8). The ePTFE suture was sewn to the middle of the posterior annuloplasty ring in the pPMS group and the anterior annuloplasty ring in the aPMS group.
Measurement of Cardiac Function and Mitral Complex Geometry
Pre-and postoperative echocardiographic studies were performed a few days before and approximately 4 weeks after the operation. We used a Sonos 5500 ultrasound system (Philips Medical Systems, Andover, MA, USA) with a 3S transducer (3-5 MHz), a Vivid Seven system (GE/Vingmed, Milwaukee, WI, USA) with an M3S (2.5-3.5 MHz) transducer, or an Aplio system (Toshiba Medical Systems, Tokyo, Japan) with a 2.5-MHz transducer. Echocardiography was performed by experienced examiners who were blinded about the study population. The following basic variables were measured from the parasternal long-axis view: LV end-diastolic and end-systolic dimensions (mm), LV percent fractional shortening (%), left atrial dimension (mm), interventricular septal thickness and LV posterior wall thickness (mm). The LV ejection fraction (LVEF %) was measured by the biplane method of discs. On an apical long-axis color Doppler flow image, a sample volume of pulsed Doppler was located at the tip of the mitral valve leaflets to obtain the transmitral flow velocity. Peak early and late transmitral flow velocities (E and A, respectively, cm/s), the ratio of the early to late peak velocities (E/A), and the deceleration time (ms) of the early transmitral flow velocity were measured. Deceleration time less than 150 ms was considered to be severe LV diastolic dysfunction (restrictive pattern). MR grade was categorized from +1 to +4 on the color Doppler images. We measured the following parameters of mitral systolic tethering on the apical 2-chamber view for the posterior PM and the apical 4-chamber view for the anterior PM: mitral valve tenting height (mm), PM tethering distance (mm), PM depth (mm), and PM angle (°). 10 We averaged these values measured by 2-and 4-chamber view. The PM distance was measured on the short-axis view at the PM level in end-diastole (Figure 2) . After the operation, the PM were joined by the PMA procedure and the PM head positions changed to the middle of the posterior mitral leaflet (Figure 1) . Therefore, we only used the apical long-axis view for the postoperative measurement of PM tethering distance, depth, and angle (Figure 2) . In the same view, to determine diastolic mitral tethering, the mitral inflow direction was measured using Doppler color flow mapping at the time of maximal early diastolic rapid filling, as the line connecting the center of the filling flow signal at the mitral annulus and chordal levels between the leaflets and PM. The angle between this line and the annulus was measured as the mitral inflow angle. 6 The echocardiographic study and the use of the clinical records for research were approved by the institutional ethics review board. All patients gave informed consent.
Statistical Analysis
All the descriptive data are given as mean ± standard deviation. Statistical analysis was performed with SPSS version 17.0 software (SPSS Inc, Chicago, IL, USA). A 1-way analysis of variance (ANOVA) was used to compare the continuous variables, and a chi-square test was used for Tables 1,3 . frequency comparisons among the groups. The paired t test was used for comparing the continuous variables before and after the operation. A P value <0.05 was considered statistically significant.
Results
Surgical Methods and Early Results
The surgical methods and results are presented in Table 2 . Coronary artery bypass grafting was done in 12 cases, and the mean number of grafts was 2.6±1.2. Mitral annuloplasty with a Physio-ring (Edwards Lifesciences, Irvine, CA, USA) was done in all cases. The average ring size was 27± 1 mm: 24 mm in 1 (5%), 26 mm in 14 (64%) cases, 28 mm in 5 (23%), and 30 mm in 2 (9%). More recently, we prefer to use a just-sized ring to an undersized one, so the ring size in the aPMS group was significantly larger than in the other groups. Although 1 patient in the pPMS group postoperatively suffered from ventricular tachycardia, there was no major postoperative morbidity and no hospital mortality. The mean follow-up was 29±19 months (51±3 months in the PMA-alone group, 29±4 months in the pPMS group, and 12±2 months in the aPMS group). Three cases in the pPMS group died in the late period because of heart failure (1 year in 2, 8 months in 1 after operation).
Pre-and Postoperative Cardiac Function and Mitral Tethering
The preoperative echocardiographic findings are shown in Table 3 . Although the general cardiac function was similar between the groups, tenting height, PM tethering distance and depth in the PMA-alone group were all significantly smaller than in the others, which means that preoperative mitral tethering was small in the PMA-alone group. In Table 4 , we compare the postoperative echocardiographic parameters between the groups. The LV end-diastolic dimension significantly decreased after surgery (71±8 mm to 65±8 mm, P=0.001) and the MR grade also significantly reduced (3.4±0.7 to 0.1±0.3, P<0.001). The postoperative tenting height in the PMA-alone group was so small that it could not be precisely measured. Even if the mitral ring size was the same, the E wave, which indicates the transmitral gradient, was significantly higher in the pPMS group than in the PMA-alone group. The number of patients with restrictive mitral filling pattern decreased from 9 to 2 postoperatively and these 2 cases were also in the pPMS group. We could not compare the mitral complex geometry between the PMA-alone group and the others because of a significant difference before the operation. The PM angle and mitral inflow angle were significantly larger in the aPMS group than in the pPMS group (57±7° vs 46±9°, P=0.017 and 78± 9° vs 60±6°, P<0.001, respectively) ( Figure 3, Table 4 ). 
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Discussion
In this study, we examined the geometry of the mitral complex in patients who underwent a new adjunctive PMS procedure that we developed to prevent future deterioration of mitral tethering. At least in the early period after PMS, there was no sign of newly developed LV diastolic dysfunction according to the mitral diastolic properties. Only 2 cases in the pPMS group retained a restrictive mitral filling pattern and the E wave in the pPMS group, which indicates diastolic transmitral gradient, was significantly larger among the groups. Furthermore, the mitral inflow angle, which decreases when diastolic mitral tethering is profound, was significantly larger in the aPMS group, and comparable to that of the normal control (data not shown). Therefore, PMS is safe and more advantageous when the suspension is performed in the anterior direction than to the posterior in terms of LV filling properties.
Submitral Apparatus Reconstruction
Kron et al reported a novel approach to reduce tethering length and improve coaptation by approximating the displaced posterior PM toward the annulus. 11 The efficacy of their procedure was confirmed in an acute experimental model of posterior myocardial infarction. 12 Hvass et al evolved a PM sling procedure using an ePTFE tube graft around the muscles and reported improved mitral tethering. 13 Messas et al proposed a chordal cutting procedure because basal chordal cutting eliminates the anterior leaflet bend and can make the leaflets less taut and thus improve coaptation. 14 Although several surgeons have performed this procedure and argued for its efficacy without LV dysfunction, we still do not know the long-term clinical effect. 15, 16 Furthermore, adverse effects of chordal cutting have been reported. 17 Borger et al reported that the late recurrence of grade 2 MR was 15% at 2 years after chordal cutting. 18 Langer et al reported trans-aortic repositioning of the posterior PM to the midseptal fibrous annulus in a procedure named "RING plus STRING". 19 Our surgical strategy consists of mitral annuloplasty with a semi-rigid total ring, PMA and PMS. Although we first performed pPMS because it was easy, even through the mitral annulus from the left atrial approach, we considered a more physiological geometry of the mitral complex and recently changed the PMS direction from the posterior to the anterior. aPMS is sometimes difficult because of the submitral apparatus, but it becomes easier with a large needle, even through mitral annulus as the left ventriculotomy. We recently preferred a just-sized ring to an undersized one because adequate coaptation length is accomplished with subvalvular reconstruction. Although this was a short-term study, we found no recurrence of significant MR during 2 years of follow-up (data not shown).
Mitral Valve Tethering and Function
Otsuji et al reported that patients with LV dysfunction and incomplete mitral leaflet closure have a restricted mitral leaflet opening that is independent of the mitral inflow volume. 5 They showed "diastolic mitral tethering" that coincided with systolic mitral tethering. The mitral inflow direction angle becomes small in such patients. In our current study, the mitral inflow angle was significantly smaller in the pPMS group than that of the aPMS, which may indicate a relatively restricted mitral leaflet opening in the pPMS group.
Lee et al reported that systolic pulmonary pressure elevates in the late period after restrictive mitral annuloplasty concomitant with LV reconstruction for ischemic cardiomyopathy, and that functional mitral stenosis could be 1 of the reasons for the recurrent pulmonary hypertension. 20 Magne et al recently reported that restrictive mitral annuloplasty may create a functional mitral stenosis induced by exercise or dobutamine stress. 21 The mean size of the Physio-ring in their report was 25.8 mm, which is almost the same size as that used in our PMA-alone and pPMS groups. The significantly low transmitral diastolic gradient in the aPMS group can be attributed not only to the larger annuloplasty ring, but also to more physiological mitral filling pattern (ie, greater anterior mitral inflow direction) in our study. Besides eliminating MR, we should also consider diastolic mitral filling and function.
Study Limitations
The major limitation is that this was a retrospective study with a relatively small population. Although overlapping left ventriculoplasty affects the submitral geometry to some extent, its impact is less than with PMA as we previously reported. 4 Therefore, we included cases with or without overlapping in this study. The size of the mitral ring was not identical between groups, so we cannot know the pure effect of the PMS direction (anterior or posterior) on the mitral complex geometry and function. However, we can speculate from the comparison with the PMA-alone group that aPMS is preferable to pPMS in terms of mitral filling properties. We should also carefully follow patients with PMS and determine whether it prevents future PM tethering.
Conclusion
PMS concomitant with approximation is a safe procedure for functional MR. Anterior-directional suspension is preferable to the posterior one in terms of diastolic mitral filling. It is mandatory to determine whether it prevents future mitral tethering.
